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ABSTRACT

These models represent a thorough revision of those published by the author in
1971, which were incorporated in the COSPAR International Reference Atmosphere
1972. The models essentially consist of two parts: 1) the basic static models, which
give temperature and density profiles for the relevant atmospheric constituents for

any specified exospheric temperature, and 2) a set of formulae to compute the exo-
spheric temperature and the expected deviations from the static models as a result
of all the recognized types of thermospheric variation. For the basic static models,
tables are given for heights from 90 to 2500 km and for exospheric temperatures
from 500 to 2600 K. In the formulae for the variations, an attempt has been made to
represent the changes in composition observed by mass spectrometers on the OGO 6
and ESRO 4 satellites.
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THERMOSPHERIC TEMPERATURE, DENSITY, AND COMPOSITION:
NEW MODELS

L. G. Jacchia

INTRODUCTION

The models presented herein are a thoroughly revised version of our 1971 models
(Jacchia, 1971a), which in turn were a revision of earlier, similarly patterned models
(Jacchia, 1965, 1970). Following a widespread custom, we shall refer to these models
as J65, J70, and J71. The models essentially consist of two parts: 1) the basic static
models, which give temperature and density profiles for the relevant atmospheric con-
stituents for any specified exospheric temperature, and 2) a set of formulae to com-
pute the exospheric temperature and the expected deviations from the static models as
- a result of all the recognized types of thermospheric variation.

In revising the basic models, we strove to reproduce the results from the OGO 6 ~
satellite goncernhg the relative concentrations of N2 and O at 450 km (Taeusch and
Carignan, 1972; Hedin, Mayr, Reber, Spencer, and Carignan, 1974), while keeping
the total-density profiles anchored to satellite drag. This was also the aim of the
Committee for the Extension of the U.S. Standard Atmosphere in constructing the
higher altitude end of the U.S. Standard Atmosphere, 1976 (COESA, 1976), which con-

sists of temperature and density profiles for a single exospheric temperature, 1000 K.

As a consequence of this common aim and of mutual consultations, our profiles for
1000 K are very similar to the U.S. Standard profiles. In the lower thermosphere,
where the U.S. Standard Atmosphere (USSA) relies heavily on the Aladdin experiments,
we have tried to keep as close as possible to its O and O2 profiles. Our helium den-
sities at 1000 km are about 30% smaller than those of the USSA. To obtain the higher

—
This work was supported in part by Grant NGR 09-015-002 from the National Aero-
nautics and Space Administration and Grants SRF 450123 and SRF 460117 from the
Smithsonian Research Foundation.



helium densities, which were thought to be necessary to fit some results from satel-
lite drag, the USSA introduced an ad hoc vertical flux for helium. We have found this
flux to be entirely unnecessary to fit our satellite-drag results at 1000 km. The
difference in the interpretation of the drag lies in the theory used to compute the drag
coefficient in a helium atmosphere. We have followed the formulation given by Cook
(1965), according to which the drag coefficient becomes quite high, exceeding even

3.0, when a satellite moves in an atmosphere in which helium is the main constituent.

The densities of earlier models relied almost entirely on satellite drag, for which
the coefficient 2.2 had been adopted in the 200- to 400-km region, in accordance with
an unwritten agreement among investigators. Table 1 gives mean residuals from the
present models of densities computed from the drag of 10 satellites using a value of
2.20 for the drag coefficient in the region where it is nearly independent of height
(around 200 to 400 km); z is the mean "effective height' — this being the average of the
actual height around the satellite's orbit weiéhted by the local atmospheric drag. The
residual observed minus computed (model) (O - C) is given in units of log10 p; n is the

number of density determinations used in the comparison.

Table 1. Residuals from the models of densities from satellite drag.

z O0-C

Satellite (km) (log p) n Interval
1962 p72 268 +0.001 1973 1963.0—1967.4
1966 44A 303 -0.020 5094 1966.4~1975.0
1958 Alpha 368 +0, 005 5456 1958.1-1970. 2
1966 70A 398 -0.001 2601 1969.0-1975.0
1960 £1 455 +0.013 5279 1960.9—-1975.0
1964 76A 610 -0.042 4126 1964.9-1968.6
1959 al 614 +0.001 2589 1959,2—1975.0
1963 53A 763 -0.011 6150 1964.0~-1968.4
1968 66A 842 +0. 001 4172 1968.6—1975.0
1964 4A 999 [+0. 036]* 3371 1964.1-~1969.4

Total - Extremes
40811 1958.1-~1975.0

*Uncertain, because the near-circular orbit of the satellite caused the
"observed' densities to be closer to the mean global densities than to
the densities given by the model for the effective height at the geo-
graphic position of perigee.
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The description of the models is given in two parts. In Part I, we outline the con-
struction of the static models. Part II deals with the several types of thermospheric
variation and with the empirical equations that have been devised to represent them
using the static models as a reference frame. Auxiliary tables to illustrate and facil-
itate the computation of sdme of the variations are interspersed in the text. A sum-
mary of all the equations .and a numerical example are to be found at the end of Part II.
A detailed tabulation of the basic static models is given in Table 10, following the
references: number densities of six atmospheric constituents are given in the range
from 90 to 2500 km for 19 temperature profiles ending in exospheric temperatures
from 500 to 2600 K; aiso tabulated are the total number density, the mean molecular
mass, and the total density and pressure. The total densities are repeated in a com-
pact summary form (Table 11) following the tables of the basic static models.






PART 1

THE STATIC MODELS






1. TEMPERATURE PROFILES

All temperature profiies start from a constant value T 0= 188 K at the height
zy = 90 km with a gradient GO = (dT/dz)Z=Zo
height z, = 125 km, and become asymptotic to a temperature T (often referred to as

= 0, rise to an inflection point at a fixed

the "exospheric' temperature). Both the temperature Tx and the temperature gradient
GX = (dT/ dz)Z=z at the inflection point are functions of Too, defined as follows:

X
: _ NS |
T, -T,=110.5 sich™ 0.0045 (T_- T, , (1)
T -T
G =1l.9220 (z in km) @)
X ‘ZX—ZO

(To= 188 K, z, =90 km, and z_= 125 km) .

The temperature profiles are given by the following:

For z < Zo : .
Tx - TO -1 GX z-2z, 2
T= TX +ﬁ——" 5 tan ———77—(TX_T0) =5) (z-zX) 1+1.7 -z, s (3)
(z in km) .

For z > Zyr

T=T +T°°—Txt -1 Ox [1+5 5X107° 2
kT TR W T T ) T ‘ -2’
(zinkm) . (4)

gf;‘gggmmc;:i'ij‘Gje.-TBleﬁ;.&Owasﬁhwiﬁazs



Table 2 shows the dependence of the maximum temperature gradient GX on the
exospheric temperature T_.

tions (1) to (4) is graphically illustrated in Figure 1.

Table 2. Dependence of the maximum temperature gradient on the

exospheric temperature.

The family of temperature profiles originated by equa-

T G T G
oo X -1 o X -1
("K) (deg km™") ("K) (deg km™")
500 6.84 1400 14,38
600 8.26 1600 15.29
800 © 10,42 1800 16.07
1000 12.04 2000 16.77
1200 13.32 2200 17.39
2000
/
1500
/i
; /
C
w
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HEIGHT (km)

Figure 1. Four temperature profiles from the present models.
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2., COMPOSITION

We have assumed that the atmosphere is composed only of nitrogen, oxygen, argon,
helium, and hydrogen, in a conditién of mixing up to 100 km and in diffusion above this
height. We have adopted the sea-level composition of the U.S. Standard Atmosphere
1962 (COESA, 1962) such as would obtain after elimination of the minor constituents
and of hydrogen (which is introduced in our models at a height of 150 km). Thus, the

assumed sea-level composition is as shown in Table 3. The resulting sea-level mean

molecular mass is _1\7I_0 = 28, 960.

Table 3. Assumed sea-level composition.

Fraction by volume Molecular weight
Constituent qo(i) Mi
Nitrogen (Nz) 0.78110 28.0134
Oxygen (02) 0.20955 31.9988
Argon (Ar) 0.009343 39. 948
Helium (He) 0. 000005242 4.0026 .
Sum 1.00000

In our 1971 models, we had assumed that at heights below 100 km, any change in
the mean molecular mass M was caused only by oxygen dissociation. The ratio n(O)/
n(02) was thus uniquely determined by _1\71', for which an empirical profile was given for
heights between 90 and 100 km. Since above 100 km composition was rigidly deter-
mined by molecular diffusion, there was no provision to account for oxygen dissocia-
tion or for any departure from diffusion equilibrium. In the present models, we still
use an empirical profile of a mean molecular mass M’ from 90 to 100 km, but we have
added independent corrections to the values of n(O) and n(Oz) determined from this
profile; these corrections extend right across the homopause. The final mean
molecular mass M is computed in the usual manner after the corrections to n(0) and

n(Oz) have been applied.



The M’ profile is defined by

5
WM (z) = Z o (z-90)" (90<z<100 ; zinkm) .  (5)

n=0
The coefficients c, are given below:

¢, = 28.89122

¢, =-2.83071 X 1072
3

c, = -6.59924 X 1w,
cg = -3.39574 X107
¢, = +6.19256 X 107°
cg = -1.84796 X 1076 .

First, a density profile p’ is computed from M’ by integrating the barometric

equation
do/ _T (M\ Mg ~
== d\7) = d

in which the temperature profiles of equation (3) are used with a fixed boundary value

pp =3.43 X108 kg m™3 at z = 90 km. The acceleration due to gravity, g, is defined
by
2 \2 -2 6
g=9.80665 (1 +g-| msec , Re =6.356766 X 10 m . (N
e

This equation (Harrison, 1951; Minzner and Ripley, 1956) is an excellent approxima-
tion to the mean value of g (centrifugal acceleration included) at the latitude of

45°32'40". The universal gas constant R* = 8.31432 X 10° kg m (kg-mol)~! K71,

From p’ we derive a number density N’ by

’

N’=%.P—, , (8)
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where A is Avogadro's number, 6.02217 X 1026 {mks). For N,, Ar, and He, the
number densities n(i) are computed from

n(l) = gy = N, (®)
MO

while for O and O_, we have

2’
n’(0) = 2N’ 1 .M , (10)
M’
0
Mr
n’(0,) = N’ /— 1+q(O)-—1} . (11)

To n’(0) and n’ (02) we apply empirical corrections to account for atomic oxygen pro-

duction above the homopause, so that the final number densities of O and O, become

log n(O) = log n’(0) + A log n’(0) , (12)

e

log n(Oz) = log n’(02) + A log n’(Oz) . (13)

The corrections are

A log n’(0) = -0.24 exp [-0.009(z - 97.7)2] | (14)

Alog n'(0,) = -0.07 {1 + tanh [0.18(z - 111)]} - ,  (zinkm) . (15)

The final values of N and p are computed from = n(i) and Z n(i) Mi by using the
original values of n(i) for N2’ Ar, and He as computed from equation (9) and the
corrected values of n(O) and n(Oz) as computed from equations (10) to (15).

The number densities n(i) at 100 km computed in the manner just described are

taken as boundary values in the integration of the diffusion equation, which is used to
compute n(i) for heights above 100 km. We can write the equation in the form

11



. 5,
-‘L;‘(%)l+dTT(1+ai)+-%]1-z;+—ﬁl-—7=o , (z> 100 km) . (16)

Here, a; and <I> are, respectively, the thermal diffusion coefficient and the vertlcal
flux proper to the species i, D is the mutual diffusion coefficient, and H =R T/ M;g,
the scale height of species i. For helium and hydrogen, we assumed a; = -0.38 and
-0. 25, respectively; for all other constituents, a; = 0. We took & i to be zero for all
constituents except hydrogen, for which we used a vertical flux proportional to the
number density at a height of 500 km, as given by

-1/4
log,; g nggq (H) = 5.94 +28.9 T / , (mks) (17)

log, , & (H) = 6.90 + 28.9 T;1/4 ,  (mks) , (18)

and a diffusion coefficient D taken from the U.S. Standard Atmosphere, 1976:

D=2.0><1020‘—1/NT- , (19)

where N is the total number density. The hydrogen densities are based mainly on
Brinton, Mayr, and Potter (1975), while the absolute term in the equation for ®(H)
was chosen such as to make the flux for T = 1000 K equal to that used in the

U.S. Standard Atmosphere, 1976.

The variations of the number densities of the various atmospheric species and of

the total density with temperature and height are illustrated in Figures 2 and 3.

Atomic nitrogen. Mauersberger, Engebretson, Kayser, and Potter (1976) have

succeeded in measuring atomic nitrogen with the open-source neutral mass spectrom-

eter on the Atmosphere Explorer C satellite. Introducing their data into our models,

12



we find that for an exospheric temperature of 700 K, n(N)/n(O) increases from 0.012
at 500 km to 0. 048 at 1000 km; for 1500 K, the ratio is only 0.0027 at 500 km and
increases to 0.0049 at 1000 km. Although not insignificant, N never becomes important

enough to justify its introduction into our models at the present state of knowledge about
its behavior.
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0 500 1000 1500 2000 2500 0 500 1000 1500 2000 2500
lols T T T Y T l0|8 Y T T T T
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" Figure 2. Number densities of individual atmospheric constituents as a function of
height for three representative exospheric temperatures. The mean
molecular mass as a function of height is shown for various exospheric
temperatures in the lower right diagram.
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PART I

THERMOSPHERIC VARIATIONS
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1. VARIATIONS IN THE THERMOSPHERE AND EXOSPHERE

Several types of variation are recognized in the atmospheric regions covered by
the present models. They can be classified as follows:

1. Variation with the solar cycle.
2. Variation with the daily change in activity on the visible disk of the sun.
3. The daily, or diurnal, variation.
4, Variation with geomagnetic activity.
5. Seasonal-latitudinal variations.
6. The semiannual variation.

7. Rapid density fluctuations probably connected with gravity waves.

All these variations, with the exception cf the last, are subject to some amount of
regularity and can be predicted with varying degrees of accuracy on the basis of
ground-based observational data. It should be obvious that static models cannot repre-
sent all types of variation equally well. They should be quite adequate when the charac-
- teristic time of the variation is much longer than the time involved in the conduction,
convection, and diffusion processes; when, on the other hand, it is comparable or _
shorter — as in the daily variation and the geomagnetic effect — we must expect poore;
results. By this, we mean that if we try to represent the observed density variations,
we may have to introduce temperature variations that are not entirely correct, or vice
versa. Since, by far, the largest observational material consists of density measure-
ments, it is the density variation that we have tried to keep correct. We have no direct
evidence so far that the resulting temperature variation might be grossly in error; some

error, however, must be expected in the daily variation and in the geomagnetic effect.

In the analytic formulation of the different types of variation, we have tried to
avoid a proliferation of symbols or the use of numerical subscripts for the many con-
stants. Therefore, we have made no effort to keep the symbolism consistent through-
~out: the same letters have often been used for exponents or coefficients in equations
pertaining to separate types of variation. We have assumed that no confusion would
result if it is understood that, apart from such universally accepted symbols as T, p,
¢, and z for temperature, density, latitude, and height, each type of variation has its
own separate symbolism.

17
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2. THE VARIATION WITH SOLAR ACTIVITY

The ultraviolet solar radiation that heats the earth's upper atmosphere actually con-
sists of two components, .one related to active regions on the solar disk and the other
to the disk itself. The active-region component comes from areas of higher tempera-
ture and consists mainly of the spectral lines of highly ionized atoms, such as Fe XIV~—
XVI, 8iIX=X, and Mg X; radiation from the clear disk comes from much less ionized
atoms, such as He FII and O IV, and the helium continuum. The active-region com-
ponent varies rapidly from day to day in correspondence with the appearance and dis-
appearance of active areas caused by the rotation of the sun and by spot formation; the
disk component presumably varies more slowly in the course of the 11-year solar
cycle. Since the radiation in the two components is different, we must expect the
atmosphere to react in a different manner to each of them — and this is actually
observed.

The 10.7-cm solar flux F is generally used as a readily available index of solar
EUV radiation. It also consists of a disk component and an active-area component,
which can be separated statistically by relating the observed values of the flux inte- -~
grated over the whole solar disk to the corresponding sunspot numbers (Hachenberg,
1965) or, better, to sunspot areas (Jacchia and Slowey, 1973). When the 10.7-cm
flux increases, there is an increase in the temperature of the thermosphere and
exosphere; for a given increase in the disk component, however, the temperature
increases much more than for the same increase in the active-area component.
Separate values of the two components of the solar flux are not readily available; for-
tunately, we have found (Jacchia and Slowey, 1973) that the disk component is, for all
practical purposes, linearly related to f, the flux averaged, or smoothed, over a few
solar rotations. We can, therefore, replace the relation between the temperature
and the disk component with an equivalent relation between the temperature and the
decimetric solar flux.

From an analysis of about 40, 000 densities derived from satellite drag in the
interval 1958 to 1975, we find that T, /20 the arithmetic mean of the global extrema

RS



of the diurnal variation in the exospheric temperature under quiet geomagnetic condi-
tions, K =0, is related to F and T by the equation

- =0.8 | 0.4 |
T1/2 =5,48 F +101.8 F . (20)
= ‘ . 4 -22 -2 o -1 .
F and F are in the customary units of 10~ Jansky (10 Wm “ Hz =~ bandwidth). For

a better defiiition of T, /o9 See Section 3, including the warning note. In our analysis,
we took for T the average of F over six solar rotations. A smoother version of F,
which we consider superior and definitely recommend, is obtained by taking a weighted
mean of F, in which the weight is a gaussian function of time:

- S wF
F="5w - (21)
with
t-t, 2
w=exp |- |~ ) (22)

Here, t is time and tO the instant for which we want to computé F. A recommended
value of T is three solar rotations, or 71 days. The variation of T, /2882 function
of F is illustrated in Figure 4, where the extrema of the diurnal variation are also
shown. In Table 4, values of T computed with equations (21) and (22) are given at
10-day intervals from 1958 to 1976.

Table 5 compares the temperatures of the present models (J) with those of the
models of Thuillier, Falin, and Wachtel (1976) (T) and Hedin et al. (1974) (H) for
the same values of F when F = F and Kp = 0. It should be remembered that the
temperatures of Thuillier et al. are Doppler temperatures, those of Hedin et al. are
N2 temperatures, and those of the present model are mainly atomic oxygen tempera-
tures.

20
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Figure 4. Mean global exospheric temperature T /2 for quiet geomagnetic conditions
(Kp = 0) as a function of the smoothed 10. 7-cm solar flux [F =F in equa-
tion (20)]. Also given are the corresponding extrema of the global diurnal
temperature variation at the time of solstices and equinoxes.
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Table 4. The smoothed 10. 7-cm solar flux F, computed from equations (21) and (22).

MeJeDs FLUX MadeDs FLUX MeJdeDe FLUX MedeDe FLUX MedeDoe FLUX MeJeDe FLUX MeJeDe FLUX
36330 234,45 36830 197,59 37330 114,87 37830 92,50 38330 80,53 38830 74,12 39330 106,50
36340 233,80 36840 193,60 37340 112,34 37840 91,33 38340 79,84 38840 74,30 39340 107,55
36350 233,09 36850 190,00 37350 110,40 37850 90,18 38350 79,06 38850  T4,.62 39350 108,33
36360 232,5¢ 36860 186,94 37360 108,64 37860 89,04 38360 78,24 38860 75,01 39360 109,03
36370 232,45 36870 184,23 37370 107,69 37870 88,10 38370 T7.44 38870 75,42 39370 109,85
36380 232,61 36880 182,04 37380 106,80 37880 87,20 38380 76,67 38880 75,87 39380 110,45
36390 232,64 36890 180,30 37390 106,33 37890 86,55 38390 75,96 38890 76,33 39390 111,18
36400 233,04 36900 - 178,94 37400 106,33 37900 86,06 38400 75,38 38900 76,75 39400 112,02
36410 233,76 36910 178,24 37410 106,55 37910 85,60 38410 74,88 38910 77,11 39410 112,98
36420 233,89 36320 176,95 37420 106,90 37920 85,22 38420 74,49 38920 77,40 39420 114,21
36430 234,18 36930 175,97 37430 107,65 37930 84,96 38430 74,22 . 38930 T7.62 39430 115,89
36440 234,12 36940 174,87 37440 108,32 37940 84,45 38440 74,01 38940 77,73 39440 117,36
36450 233,59 36950 173,80 37450 109,16 37950 84,02 38450 73,84 38950 77,74 39450 119,40
36460 232,57 36960 172,16 37460 110,03 37960 83,57 38460 73,70 38960 77.73 39460 121,72
36470 231,41 36970 170,44 37470 110,66 37970 82,81 38470 73,53 38970 77,67 39470 124,419
36480 230,28 36980 168,96 37480 111,31 37980 82,21 38480 73,33 38980 T1,57 39480 126,93
36490 229.06 36990 167450 37490 111.63 37990 81443 38490 73,11 38990  77.51 39490 12985
36500 227,95 37000 166,04 37500 111,57 38000 80,65 38500 72,87 39000 77,48 39500 132,31
36510 226,99 37010 165,24 37510 111,52 38010 79,97 38510 72,55 39010 77,43 39510 134,74
36520 226,39 37020 164,82 37520 110,67 38020 79,38 38520 72,24 39020 77,33 39520 137,02
36530 226,28 © 37030 164,34 37530 109,66 38030 78,80 38530 71,95 39030 77,30 39530 138,74
36540 226,27 37040 164,58 37540 108,52 38040 78,44 38540 71,68 39040 77,23 39540 140,13
36550 226,22 3705C 164,78 37550 106,75 38050 78,17 3855¢ 71,39 39050 77,20 39550 141,07
36560 226,53 37060 165,25 37560 105,00 38060 78,07 38560 71,18 39060 77,28 39560 141,48
36570 226,67 37070 165,93 37570 103,03 38070 78,10 38570 71,00 39070 77,33 39570 141,57
36580 226,45 37080 166,46 37580 100,96 38080 18,37 38580 70,87 39080 77,50 39580 141,43
36590 226,23 37090 167,10 37590 99,01 38090 78,64 38590 70,79 39090 77,81 39590 140,90
36600 225,91 37100 167,43 37600 97,24 38100 79,11 38600 70,74 39100 718,27 39600 140,47
36610 224,72 37110 167,77 37610 95,49 38110 79,72 38610 70,77 39110 78,94 39610 139,91
36620 223,90 37120 167,88 37620 94,16 38120 80,42 38620 70,82 39120 19,69 39620 139,42
36630 222,92 37130 167,62 37630 93,16 38130 81,07 38630 70,92 39130 80,67 39630 139,28
36640 222.07 37140 167,14 37640 92,41 ,38140 81,71 38640 71,03 39140 81,65 39640 139,20
36650 221,29 37150 166,49 37650 92,10 38150 82,33 38650 71,19 39150 82,87 39650 139,53
36660 220,64 37160 165,28 37660 92,01 38160 82,82 38660  Tl.41 39160 84,23 39660 139,97
36670 220,00 37170 163,94 37670 92,27 38170  83.18 38670 71,58 39170 85453 39670 140,37
36680 219,43 37180 162,06 37680 92,81 38180 83,38 38680 71,84 39180 87.13 39680 1l4l,46
36690 219,15 37190 159,67 37690 93,38 38190 83,46 38690 72,13 39190 88,52 39690 1l4l,76
36700 218,79 37206 157,14 37700 94,12 38200 83,42 38700 72,34 39200 -90,07 39700 142,32
36710 218,48 37210 154,36 37710 94,90 38210 83,29 38710 72,60 39210 91,66 39710 142,77
36720 218,25 37220 151,29 37720 95,52 38220 83,12 38720 72,85 39220 93,11 39720 142,87
36730 218,01 37230 148,16 37730 96,14 3230 82,97 38730  73.08 39230 94,64 39730 143,06
36740 217,66 37240 144,87 37740 96,67 38240 82,84 38740 73,30 39240 96,06 39740 143,01
36750 217.39 37250 141,50 37750 96,94 38250 82,70 38750 73,43 39250 97,40 39750 142,97
36760 216,52 37260 138,07 37760 97,09 38260 82,62 38760 73,55 39260 98,83 39760 143,17
36770 215,11 37270 134,45 37770 97,07 38270 82,53 38770 73,67 39270 99.99 39770 143,67
36780 213,40 37280 130,95 37780 96,74 38280 82,42 38780 713,70 39280 101,19 39780 144,46
36790 211,19 37296 127,50 37790 96,24 38290 82,25 38790 73,73 39290 102,44 39790 146,03
36800 208,47 37300 123,99 37800 95,57 38300  81.99 38800 73,78 39300 103,46 39800 147,61
36810 205,03 37310 120,66 37810 94,68 38310 81,63 38810 73,82 39310 104,64 - 39810 149,73
36820 201,39 37320 117,56 37820 93,63 38320 81,14 38820 73,92 39320 105,66 39820 152,16
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€c

MedaDeo

39830
39840C
39850
39860
39870

39880
39890
39900
39910
39920

39930
39940
39950
39960
39970

39980
39990
40000
40010
40020

40030
40040
40050
40060
40070

40080
40090
40100
40110
40120

40130
40140
40150
40160
40170

40180
40190
40200
40210
40220

40230
40240
40250
406260
40270

FLUX

154,45
156,85
158,74
159,91
160,59

160,58
159,65
158,40
156,71
154,67

152,61
150,85
149,30
147,92
147,13

166,55
146,29
lap,21
146,15
146,25

146,10
145,85
145,77
145,50
145,49

145,10
145,01
144,93
144,53
144,44

144,30
144,23
144,39
l44 438
144,66

144,74
145,01
145,58
146,25
147,02

148,25
149,32
150,74
152,27
153,62

MedeDs

40280
40290
40300
40310
40320

40330
40340
40350
40360
40370

40380
40390
40400
40410
40420

40430
40440
40450
40460
40470

40480

40490
40500
40510
40520

40530
40540
40550
40560
40570

40580
40590
40600
40610
40620

40630
40640
40650
40660
40670

40630
40690
40700
40710
40720

FLUX

155,07
156,23
157,16
158,01
158,20

158,19
158,19
157,44
156,69
155,80

154,53
153,29
151,81
150,31
149,03

147,73
146,64
145,67
145,13
144,90

145,00
145,21
145,67
146,47
147,08

147,71
148,60
149,42
150,46
151,45

152,65
154,07
155,33
156,71
158,21

159,44
160,54
161,57
162,19
162,74

163,10
163,01
163,08
162,52
161,97

MeJsDe

40730
40740
40750
40760
40770

40780
40790
40800
40810
40820

40830
40840
40850
40860
40870

40880
40890
40900
40910
40920

40930
40940
40950
40960
40970

40980
40990
41000
41010
41020

41030
41040
41050
41060
41070

41080
41090
41100
41110
41120

41130
41140
41150
41160
41170

FLUX

161,33
160,13
159,08
157,91
156,39

154,82
153,36
152,00
150,77
149,81

149,10
148,89
148,86
148,87
149424

149,61
149,90
150,11
149,89
149,62

148,91
147,66
145,99
144,00
141,56

139,09
135,96
133,06
129,98
127,05

124,29
121,92
119,68
117,80

116,31°

115,10
114,21
113,70
113,14
112,98

112,85
112,76
112,68
112,70
112,40

Table 4.

MeJosDs

41180
41190
41200
41210
41220

41230
41240
41250
41260
41270

41280
41290
41300
41310
41320

41330
41340
41350
41360
41370

41380
41390
41400
41410
41420

41430
41440
41450
41440
41470

41480
41490
41500
41510
41520

41530
41540
41550
41560
41570

41580
41590
41600
41610
41620

(Cont.)

FLUX

112,18
111,92
111,48
111,34
111,17

111,08
111,41
111,78
112,30
113,15

114,00
115,11
116,24
117,49
118,93

120,21
121,57
122,92
123,84
124,69

125,41
125,90
126,46
126,90
127,11

127,54
128,00
128,36
128,85
129,02

129,08
128,84
128,32
127,58
126,62

125,31
123,91
122,48
120,81
119,24

117,58
115,85
114,12
112,38
110,63

MedeDe

41630
41640
41650
41660
41670

41680
41690
41700
41710
41720

41730
41740
41750
41760
41770

41780
41790
41800
41810
41820

41830
41840
41850
41860
41870

41880
41890
41900
41910
41920

41930
41940
41950
41960
41970

41980
41990
42000
42010
42020

42030
42040
42050
42060
42070

FLUX

108,99
107,42
105,92
104,66
103,40

102,37
101,57
100,89
100,45
100,27

99.92
99.96
99,84
99,68
99.69

99,33
98.91
98446
97.79
97,03

96,34
95,29
94,54
93,76
93,08

92,62
92,18
9l,88
91,60
91,29

90,92
90,53
89,84
89,14
88,25

87.18
86427
85424
84435
83,56

82,84
82,31
81,88
81,65
81,55

MedeDs

42080
42090
42100
42110
42120

42130
42140
42150
42160
42170

© 42180

42190
42200
42210
42220

42230
42240
42250
42260
42270

42280
42290
42300
42310
42320

42330
«2340
42350
42360
42370

423680
42390
42400
42410
42420

42430
42440
42450
42460
42470

42480
42490
42500
42510
42520

FLUX

81,56
81,80
82,19
82,68
83,45

84,14
85,10
85,89
86.81
87.61

88,23
88,92
89,31
89,63
89,88

89,98
90,04
90,06
89,99
90,00

89,94
89,81
89,70
89447
89,11

88,62
87,90
87,02
86,05
84,82

83,63
82,26
80,89
79,60
78,441

T7.18
76,13
75.19
76,37
73,72

73,20
72,82
72456
12451
72,60

MedJaDe

42530
42540
42550
42560
42570

42580
42590
42600
42610

42620

42630
42640
42650
42660
42670

42680
42690
42700
42710
42720

42730
42740
42750
42760
42770

42780
42790
42800

 FLux

72,84
73,431
73,80
The56
75,48

76,451

77,57
78457
79455
80,30

80,85
81,15
81,23
81,01
80,55

19,97
79429
78,53
77,76
77,01

16,28
75,63
14,98
14439
13,89

73,46
73,18
72,97



Table 5. Comparison of exospheric temperatures as a_
function of the smoothed 10.7-cm solar flux F,

7 Ty/2 CK)
J T H

70 720.9 784.2 864.0
100 860.5 865.4 944.2
150 1057.2 1000.8 1078.0
200 1227.4 1136.2 1212.0
250 1380.7 1271.6 1345.4
300 1522.2 1406.9 1479.2

These three temperature curves are shown in Figure 5. As can be seen, the
slope of the J curve is greater than that of the straight lines T and H. For F = 103,
the J temperatures are the same as T, while for F= 175, they are the same as H.
It should be remarked that the slopes of both the H and the T models were derived
from relatively short time intervals during 1969 to 1971, when solar activity hovered
~around a flat maximum without large changes, whereas that of the J models was
derived from a 17-year interval that comprised two periods of minimum solar activity _-~
and two maxima, of which one was the highest in 200 years.

The reaction of the exospheric temperature to a change in F is not instantaneous.

We find (Jacchia, Slowey, and Campbell, 1973) a lag At that varies from 0(.19 at 12h

noon local solar time (LST) to 1€16 at Oh LST according to the equation

At = 1926 + 0937 sin (H - 92°) (23)
+.12 £.17 + 25 A

where H is the hour angle of the sun, i.e., LST + 12h. According to Paul, Volland,

and Roemer (1974), the lag is a little greater, although almost exactly in phase with
the above expression:

At = 1(.174 + 0926 cos H

24
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Figure 5. Comparison between the temperatures of the present models (J) with those

of the models of Thuillier et al. (1976) (T) and Hedin et al. (1974) (H) as a
function of the smoothed 10. 7-cm solar flux F, for F = T and Kp = 0.
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3. THE DIURNAL VARIATION

Our approach in dealing with the diurnal variation follows, in its main lines, the
pattern established in our previous models, although a higher degree of sophistication
is required to represent the recently discovered height-dependent phase shifts in the
variation of the individual atmospheric species. We shall still consider the phenomenon
of the diurnal variation in its global aspect, giving equations valid for the whole earth,
from which the variation for any given latitude and season can be derived as a particular

case.

At any instant, the global distribution of the exospheric temperatures will show a
nighttime minimum T 0 and a daytime maximum TM, in opposite hemispheres; let
their arithmetic mean be T, /2" In previous models, we had taken T as the basic
temperature to relate to the solar flux F and to use in the equations defining the daily
variation. Here we shall use T1 /2 instead.

In the older models, we had assumed that the ratio T/ T, could be expressed as
T/T0 =1+ RD, where R is a constant, D = sin™ 0 + (cosm n —_sinm 0) f(H) and -
=—é— |¢ - ¢M| ; 0 =-é- |¢ + ¢M| , ¢ being the latitude of a given point and ¢M the latitude
of the point where the maximum daily temperature occurs; m is a constant close to 2,
and f(H) a function of the hour angle H of the sun that varies between the limits 0 and

1. When m = 2, the expression for D reduces to

D=-;-si11¢Msin¢+cos¢M cos ¢ f(H) .

As we can see, D consists of two terms, - of which the first is seasonal-latitudinal
and thus independent of local time. The two terms are mutually constrained by the
presence of sin ¢M in the first and cos ¢M in the second, thus making the seasonal-
latitudinal term dependent on the diurnal term. In the present models, we shall
eliminate this unnecessary constraint and express T/T 1/2 as follows:

ZrED\HGE
27



&
T _ o . 1
-T—l-/-2-_1+c1—€—sm¢+czcoscb[f(H)—§] , (24)

where ¢, and ¢, are two constants, 6, is the declination of the sun, ande is the
obliquity of the ecliptic, 23744; f(H) determines the shape of the diurnal temperature
curve. We find that both the N, temperature curve (Mayr, Hedin, Reber, and
Carignan, 1974) and the Doppler temperature curve (Thuillier et al., 1976), obtained
from two separate experiments on the OGO 6 satellite, can be remarkably well repre-

sented by an equation of the form
(H) = cos® % (H + B) + ¢  cos [3(H+B) +X] - (25)

For the N2 temperature curve, § = -50° and Cg = 0. 14; for the Doppler temperature
curve, § =-72° and Cq = 0.08; for both, X = -75°. The difference in § results in a
phase difference of 1.5 hours between the two temperature curves, but this will be

of no immediate concern to us, as we shall presently see.

A fit of equation (24) to the spherical-harmonics model by Thuillier et al. (1976)
yields ¢, =0. 15 and o = 0.24. It is noteworthy that, assuming ¢, =0.15, we obtain
exactly the same value of Co) i.e., 0.24, from a least-squares analysis of 30,373
densities derived from the drag of six satellites with perigee heights between 350 and
850 km: this leads to the important conclusion that the Doppler temperatures also
account very well for the amplitude of the diurnal variation of atomic oxygen. We

have therefore adopted the values

cl=0.l5 , c2=0.24 , c3'= 0.08

As for B, the value -72° derived from the Doppler temperatures gives a minimum
temperature at 61.12 and a maximum at 171.16 LST, both about 1.5 hours later than
_incoherent-scatter temperatures (McClure, 1969, 1971; Carru and Waldteufel, 1969;
Salah and Evans, 1973). Since the phase of the Doppler temperature, according to
Thuillier et al., is very strongly affected by the way the observational material is

28



screened, we prefer to lean in the direction of incoherent-scatter temperatures and
have adopted g = -60°, which gives a minimum at 5%4 and a maximum at 168 LST.

The OGO 6 mass-spectrometer analysis (Mayr et al., 1974) has revealed that the
density of each atmospheﬁc constituent peaks at a different hour of the day. A com-
parison with the lower altitude San Marco 3 data (Newton, Kasprzak, Curtis, and
Pelz, 1975) shows that the phase shift varies with height, while satellite-drag analysis
(Jacchia, Campbell, and Slowey, 1973) indicates that the total density always peaks at
the same time, independently of height. To describe such behavior, we must make B
variable (Jacchia, 1974) in equation (25):

B, =By * B, -1\—1‘4‘—11 , . (26)

where BO and 51 are two constants, M is the mean molecular mass, and Mi is the mass
of the atmospheric species i (hydrogen excluded); M can be evaluated from the models

as a function of z and T1 / For the two constants, we have adopted

0"
By ='-35 , B, =27

Each Bi defines a different fi(H)’ so that in equation (24), we are presented with a new

parameter, a pseudo-temperature ®i’ different for each species i:

H 5o 1
" 1+0.15—2 sin ¢ + 0.24 cos ¢ [fi(H) - E] 27
with
fi(H) = cosné (H+ 51) + 0.08 cos [3(H + ﬁi) - 757
- and
2
n=2+cos-2 <%u-> .
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Here we have replaced the exponent 3 in equation (25) with a variable exponent n,
which decreases from 3 at the equator to 2 at the poles (where the diurnal term
vanishes). This device (Jacchia, 1973) eliminates a discontinuity in dT/d¢$ (or

d(—)i/ d¢) at the poles — a feature that seems to have caused some discomfiture to a few
investigators (Blum and Harris, 1973).

Figure 6 shows the diurnal variation of the exospheric temperature at the equator
at the time of the equinoxes when T1 /2= 1000 K. The global distribution of exo-
spheric temperatures for quiet geomagnetic conditions (Kp = 0) for the equinoxes and
for the June solstice is given in Table 6 and illustrated in Figure 7. The variation
with height in the hour of the maximum density of the individual constituents is shown

in Figure 8.

i ! | ! 1 i i T
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Figure 6. The diurnal variation of the exospheric temperature at the equator at the
time of equinoxes, when T/ = 1000 K, represented by the heavy curve.
The light curve represents the variation minus the terdiurnal term.
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b) June solstice.

Figure 7. Global distribution of the exospheric temperature for quiet geomagnetic
conditions (K, = 0). The coordinates are local solar time and geographic
latitude. The modifications introduced by disturbed geomagnetic condi-
tions are illustrated in Figure 10.
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Figure 8. Local solar time of the maximum density of four atmospheric constituents

as a function of height, for T;/9 = 1000 K.

Warning. Densities derived from satellite drag have a limited resolution
in local solar time, especially when the orbital inclination is small and
when the density scale height at perigee is large — not to speak of small
orbital eccentricities, which make the density insensitive to local solar
time. This limited resolution will result in a smaller value of cg, the
amplitude of the terdiurnal term; also, cg might be decreased, although
to a smaller degree. In some cases, the outright elimination of the ter-
diurnal term might even be advisable in comparing drag-derived densities
with the models.

Notice also that, with the introduction of the terdiurnal term, T; /o
is no longer the arithmetic mean between the daytime maximum and the
nighttime minimum: it is, rather, the arithmetic mean of the extrema of

- the diurnal term.
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Diurnal variations of hydrogen. Brinton et al. (1975) have inferred the diurnal

variation of hydrogen at 250 km using Atmosphere Explorer C measurements around
the December solstice 1974—75. They found a variation by a factor of 2 in the time-

dependent component at the equator and at midlatitudes, with a maximum around 3h

LST and a minimum around 16h or 17h LST. The time-independent component also
shows a variation by a factor of 2, with a maximum in middle-high latitudes in the
winter hemisphere and a minimum in high latitudes in the summer hemisphere. All

of this is in fair agreement with our models if we enter them with the actual tempera-
ture, i.e., if we use equations (26) and (27) with 8 = const = -60°: we obtain a variation
by a factor of 2.0 in the time-dependent component and by a factor of 1.6 in the time-
independent component fthese components are the two terms of equation (24)]. It shows
that not only the long-term variations, such as those with the solar cycle, but also the |
short-term variations can be handled, to a fair degree of approximation, by a hydrogen

model in which the density at any given height is controlled by escape.
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4. VARIATIONS WITH GEOMAGNETIC ACTIVITY

The formula relating the exospheric temperature to the decimetric solar flux,
equation (20), is valid for ideally quiet geomagnetic conditions, Kp = 0. In the general
case, when K b # 0, geomagnetic activity produces a temperature increase AGT, which
depends on magnetic latitude. At the same time, atmospheric composition changes,
not only because of the change in scale height induced by AGT, but also because of a
change in the interface between the regimes of mixing and diffusion. In addition, there
is a density wave propagating from high to low magnetic latitudes. In this model of
the geomagnetic phenomenon in the upper atmosphere, we follow the analytical formu-

lation given by Jacchia, Slowey, and von Zahn (1976, 1977a).

Let us denote by AG log n, the change in the logarithm of the number density of
the species i that occurs as Kp changes from zero to a given value. We assume that

A log n; is the sum of three separate effects:
Ag log n; = AT log n, + AH log n, + Ae log n, (28)

where AT log n, is the purely thermal component, originated by the change in scale
height caused by the temperature increase AGT In previous models, we had assumed
that A log n, can be evaluated from static models by taking the difference between the
value of log n; that corresponds to the "quiet" (K = () temperature To(oo) and the one
that corresponds to T0(°°) + AG s 0(oo) being the value of T  from equation (24) with
B = -60°. Admittedly this is a shaky assumption, because it implies that the shape of
the ternperature profiles is not altered by the magnetic disturbance. Since a distortion
of the profiles is likely to occur, especially in the 100- to 120-km region, we must
expect our model to become poorer as we approach the homopause boundary. The only
remedy to such a situation, as we can see it, is to integrate the diffusion equation (16)
with new ""perturbed'' temperature profiles; more about this in Section 4.1. In equation
- (28), AH log n, is the contribution caused by a change in the height Zy of the homopause
as a consequence of the magnetic disturbance, and A logn, is the contribution of the
""equatorial wave, " the density pileup in the equatorial regions as a consequence of con-
vection toward the equator; it affects all atmospheric constituents by the same amount.
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4.1 The Thermal Component

For a given level of geomagnetic activity, measured by the Kp index, we express
the geomagnetic heating, i.e., the increase AGT in the exospheric temperature above
the quiet temperature level corresponding to Kp = 0, as a function of the invariant
magnetic latitude ¢I (Mcllwain, 1966), which we have found to give better results than
the centered-dipole geomagnetic latitude ¢'. If 4:1 is not readily available, ¢’ can be
used without too much loss in accuracy. For the convenience of the users of these
models, we give here the equation to compute ¢’ assuming‘geographic coordinates for
the north geomagnetic pole of L = 291°E, ¢ = +78.3:

sin ¢’ = 0.9792 sin ¢ + 0.2028 cos ¢ cos (L - 291°%) , (29)
where L is the longitude counted eastward from Greenwich.

To account for the propagation time T, we have introduced a fictitious index K;) ,

equal to Kp at the time t - 7; for 7, we use

T= 0?11 + 0‘.12 0052 4)1 . (30)
We then compute

AGT, =Asin™ ¢ (312)

where

A=515K] [1 + 0,027 exp (0.4 KE))] , (T in °K) . . (31b)

We find that m = 4 gives satisfactory results in most cases, but there is some
indication that, as the perturbation extends to lower latitudes, m becomes smaller,

perhaps as small as 3.

As we said earlier, a change in T  only will not give satisfactory results in the
lower thermosphere: it becomes necessary to modify the whole temperature profile
from the boundary upward, adding a correction AGT(z) to the "quiet'" temperatures

T 0(z). After some experimenting, we found that an expression of the form
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AgT(z) = AGT,, tanh [e(z - zg)] (z>z) , (32)

with a proper selection of the constants ¢ and Zg, will provide a disturbed temperature
profile capable of representing density observations in the 150- to 200-km region with-
out substantially altering the results obtained at greater heights by using a change in
the exospheric temperature only. Expressing z in kilometers, values of

c=0.006 , z =90

0

introduced into equation (32) lead to disturbed densities [equation (28)] that are in
reasonable agreement with densities of N,, Ar, and O observed at 160 km by Philbrick,
Mclsaac, and Faucher (1976) during a magnetic storm.

4.2 Effect of a Change in the Height of the Homopause

We assume that the temperature increase AGT is accompanied by a change AzH

in the height of the homopause, where AzH is a strongly nonlinear function of AGT:

3 . .-l .
Azgy = 5.0 X 10 sinh™ (0.010 AST) (zg in meters) . (33)

~ The mean molecular mass at the height of the homopause is very nearly 28, so we

assume that a change in Zy does not affect Nys for all other constituents, we have

9 log n(Nz) ) 9 log n,

07 0z az

H+

AH log n, = (34)

H- % AzH
zZ

The subscript Zyy indicates that the derivatives in the bracket must be evaluated at a

point immediately above the homopause (assumed to be a layer of zero thickness), in

diffusive regime. From the models, we obtain

a(Ar) = +3.07 X 107° (mks) ,

a(0y) = +1.03X107° (mks) ,
a(N) = 0

[@(O) = -4.03X10"° (mks)]" |,
a(He) = -6.30X10° (mks)

* -5
Use -4.85X 10™° (mks) .
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While the observed variations of Ar, N,, and He are consistent with these theoretical
values of a, we find that for atomic oxygen we need a value of a close to -4.85 X 10‘5.
This is not surprising, considering that at the height of the homopause, oxygen dis-

sociation is still very active, so that O is very far from being in diffusion equilibrium.

4.3 The Equatorial Wave

The equatorial wave can be represented by

A - -4 4
Aelogni—Aelogp—-S.ZXlO A cos ¢I s (35)

where p is the total density. By using A [equation (31b)] in equation (35), we auto-
matically assume that the travel time of the equatorial wave is 7, the same as the
propagation time for the temperature. Although there is no compelling reason to
believe that this assumption is entirely correct, it would be very difficult to disentangle
the two propagation times if they were different. All we can say is that at high lati-
tudes, we observe a lag of about 0511 in the density variations with respect to those in

Kp, while in low latitudes, the lag amounts to about 0(.13.
The density variation of four atmospheric constituents as a function of the
invariant latitude ¢I is shown in Figure 9, together with the corresponding variation

of the exospheric temperature.

4,4 The Global Temperature Distribution

Owing to its latitude dependence, the geomagnetic effect causes the maximum
temperature to be shifted in the direction of the magnetic poles. Figure 10 shows the
temperature distribution along the meridional circle crossing the geomagnetic poles at
17h LST in one hemisphere and 5h LST in the other, for four levels of geomagnetic
activity. As can be seen, it takes only a'very moderate degree of magnetic activity
(Kp = 2) to shift the maximum temperature at the time of equinoxes from the equator

to the polar regions.

Warning. Mass-spectrometer data show that there is no appreciable
smoothing in the variation of n; when compared with the variation of K. In
other words, the reaction time of the atmosphere is smaller than the 3-hour
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resolution of the K, indices. If these models are compared with observa-
tions having a lower degree of resolution, such as some satellite~drag den~
sities, it is essential to use in the equation a set of Kp's smoothed to match
the resolution of the data. Also, with a limited resolution such as in satel-
lite drag, the temperature peak at the magnetic poles will appear flattened,
with the result that the exponent m in equation (31a) and the numerical coeffi-
cient in equation (31b) will both become smaller; the effect will be a com-
plicated function of the orbital inclination and of the density scale height at
perigee, which must be evaluated before accurate comparisons can be made
between drag-derived densities and those of the models. Another result of
limited resolution is that the rotation of the earth under a satellite orbit
tends to reduce or cancel the difference between magnetic and geographic
coordinates. Whenever the smallest time interval in which drag is detect-
able is 1 day or more, geographic coordinates should be used.
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Figure 9. The density variation of four atmospheric constituents as a function of the
invariant latitude ¢y, for various heights when the geomagnetic index
Kp = 5. The curves were computed using a "quiet" (Kp = 0) exospheric
temperature of 900 K. The diagram in the lower left corner depicts the
variation of the total density; that in the lower right corner gives the
corresponding variation in the exospheric temperature.
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Figure 10. Exospheric temperature profiles along the complete (360°) meridional
circle along which the local solar time is 171 in one hemisphere and 5" in
the other, for various levels of geomagnetic activity. Even a moderate
level of activity (Kp = 2) has the effect of shifting the temperature maxi-
mum from the equator to the poles at the time of equinoxes.
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5. SEASONAL-LATITUDINAL VARIATIONS

When we deal with séasonal—latitudinal variations, we must first of all distinguish
between the large variation of composition that is observed throughout the thermosphere
and higher and the seasonal variation of temperature and density in the stratosphere
and mesosphere, which spills over into the lower thermosphere and seems to vanish
at heights above 140 to 150 km. To avoid confusion, we call the first the '"thermo-
spheric" and the second the ""mesospheric'' seasonal-latitudinal variation.

5.1 The Thermospheric Seasonal-Latitudinal Variation

The observed thermospheric seasonal-latitudinal variation of density and com-
position is the result of two distinct contributions. The first comes from the seasonal-
latitudinal component of the diurnal temperature variation, 01(6 o/e) sin ¢ in equation
(24). Its effect is to change the density and composition through a change in the scale
height of the individual components; it is, therefore, strongly height dependent. When
~ the contribution from this effect is subtracted, we are left with an intrinsic seasonal-
latitudinal variation, essentially independent of height, whose origin must be traced _.
to the lower boundary of the thermosphere. The so-called "winter helium bulge" is
the first known example of this type of variation.

This "intrinsic' part of the thermospheric seasonal-latitudinal variation can be
represented by a formula similar to the sin term of equation (24). Let ASL log n,
measure the departure of the number density of the species i from its yearly mean as

a result of this variaition. We can write

60
ASL log n; =c¢; — sin ¢ . (36)

_ Clearly, we cannot determine the ci's independently of 1 the corresponding coeffi-
cient in equation (24). This means that we must have a good model of the diurnal tem-
perature variation, or at least of its seasonal-latitudinal component, before we can
proceed to compute the c;'s.
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Using the model of the diurnal variation described in Section 3, with ¢, =0.15 as
derived from the OGO 6 Doppler temperatures, we have determined values of ¢ from
the ESRO 4 data on four species (Jacchia, Slowey, and von Zahn, 1977b), as well as
from the drag of six satellites (for O and He only); they are given in Table 7.

Table 7. Parameters of the seasonal-latitudinal variation.

Species ESRO 4 Satellite drag Adopted
N2 : +0.06 - 0
0] -0.15 -0.18 -0.16
He -0.79 -0.76 -0.79
Ar 0.00 - 0
0, - - [07?]

5.2 The Mesospheric Seasonal-Latitudinal Variation

As is well known, the temperature in the troposphere and stratosphere is warmer
in' summer and colder in winter; at a height of 66 km, however, the situation reverses,
and at the mesopause, around 88 km, the variation reaches its greatest amplitude, .
with a minimum in summer and a maximum in winter. Proceeding to greater heights,
the amplitude decreases and reaches zero at 100 km; above 100 km, it is again
warmer in summer and colder in winter. The density, for obvious reasons, follows
a phase-shifted pattern: it is higher in summer than in winter throughout the strato-
sphere and mesosphere, to a height of 91 km, where there is an isopycnicllayer. At
100 to 120 km, the density is higher in winter than in summer, but there is a second
reversal somewhere around 140 to 160 km, because at a height where the daily varia-
tion becomes observable, i.e., at 180 to 200 km, we again have the highest densities
in summer. At these heights, the picturé merges with the thermospheric variations.
There must be a transition layer, but it is difficult to establish with any degree of
assurance what its height and thickness are. In a general theory that makes use of
~ solar-energy absorption and reradiation variable with height (or, better, with density
and composition), there should be no reason for distinguishing between mesospheric and
thermospheric seasonal-latitudinal variations; in the absence of such a theory, however,
the distinction becomes a practical necessity.



Tables of monthly temperature, pressure, and density means at heights from
25 to 110 km for latitudes from 0° to 70° have been compiled by Groves for the
COSPAR International Reference Atmosphere (CIRA, 1972). Trying to fit a simple
and consistent analytical model to these data, even when only heights above 90 km are
considered, appears to be a hopeless task., In the 1971 models, we fitted the densities
only, leaving the temperatures alone and using our imagination for heights above
120 km. We repeat here the formula, with warnings of caution to the users:

. . 2
Asz logp—-’%[ SP sin” ¢ , (37

where the maximum half-range

S =0.014 (z ~ 91) exp [-0.0013 (z - 91)2] , (z in km) (38a)
and the phase
P=sin (27 + 1.72) ; (38b)

¢ is the geographic latitude and & = (t - Jan. 1)/365. Values for S and P are tabulated
in Table 8.

We find that A s log p as expressed by equations (37) and (38) is roughly consistent
with temperature deviations A s IT from the basic models given by

A, T =-2.9P(z - 102.5) exp (-7.8 X 1075 lz - 102.5|2°7) . (39)
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Table 8. The "mesospheric" seasonal-latitudinal density variation according to equa-
tion (37): A, log p = (¢/[¢] SP sin? &.

a) Maximum half-range S = 0.014 (z - 91) exp [~0. 0013 (z - 91)2]

z (km) S. z (km) S z (km) S
91 0. 000 121 0.130 151 0.008
96 0. 068 126 0.100 156 0.004

101 0.123 131 0.070 161 0.002
106 0.157 136 0.045 166 0.001
111 0.166 141 0.027 171 0.000
116 . 0.155 146 - 0.015

%
b) Phase P = sin (2 ® + 1.72)

Day p Day P Day P Day P

Jan. 1 £0.989 Apr. 1 F0.129 June 30 F0.994 Sept. 28 +0.086
11 0.948 11 0.297 July 10 $0.961-  Oct. 8 +0.255

21 +0.880 21 F0.456 20 F0.900 18 +0.417

31 +0.786 May 1 ¥0.602 30 F0.812 28 +0.567

Feb. 